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ous polymer solution useful in providing a bioactive agent delivery 
system. The present invent io rovides a thcrniogelling biodegrad 
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linked lo form a polymer of a general structure comprising the for 
mula of A ri (M), where n is greater than 2 and A is selected from the 
group consisting of a polyethylene glycol block and a biodegradable 
polyester block, B is selected from the group consisting of a poly 
ethylene glycol block and a biodegradable polyester block, and A is 
different from M. 
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THERMOGELLING BIODEGRADABLE AQUEOUS POLYMER 

SOLUTION 

s 

FIELD OF THE INVENTION 

The present invention relates to a thermogclling biodegradable 
aqueous polymer solution composition and methods ol use of such 
io polymers for providing in situ forming, biodegradable implants. 

BACKGROUND OF THE INVENTION 

Materials that gel in ^itu. have recently gamed attention as 
is promising implantable drug delivery systems as well as injectable 

matrices for tissue engineering. There is an emerging need for materials 
that are biocompatible, promote cellular proliferation and biosynthesis, 
support physiological loads, and are easily manipulated and synthesized. 
Materials that gel in situ are promising as they are easily handled and 
20 permit cell seeding, they offer the ability to form any desired implant 
shape, and may be engineered to be biodegradable and biocompatible. 

In situ gelation is the bases of injectable systems that eliminate the 
need for surgical procedures and offers the advantage of the ability to 
form any desired implant shape. The change in molecular association 
25 can be driven by changes in temperature, pH, or solvent composition. 
Among the candidates of stimuli sensitive systems, organic solvent-free 
injectable systems are designed by using the therm osensitive sohto-gel 
transition of aqueous solution. Such a system enables bioaetive agents 
to be easily entrapped. 
\i> To perform as an ideal injectable system, the aqueous solution of a 

polymer should exhibit low viscosity at formulation conditions and gel 
quickly at physiological conditions. Considering the biomedical 
applications, the biocompatibility of the polymers is also an important 
issue Therefore, the material should be biodegradable, and bv keeping 
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watci rich hvdroge] properties it should not induce tissue irritation 
during the degradation. 

In situ gelling oi aqueous Poloxamer 407 and N - 
isopropylacrylainide copolymers have been studied as candidate 
materials for injectable drug delivery systems and also tissue engineering 
applications. These materials are, however, non-biodegradable and 
animal studies demonstrated an increase in triglyceride and cholesterol 
after intraperitoneal injection of the aqueous Poloxamer 407 solution. 9 
Recently, Jeong et al. reported biodegradable, in situ gelling 

lo poly(ethylene glycol-b-(DL-lactic acidco-glycolic acid)-b-ethylene glycol), 
(PEG-PLGA-PEG), triblock copolymers. (See US patent 6,1 17,949) They 
exhibited promising properties as an injectable drug delivery system. In 
vivo studies in rats demonstrated that the copolymer gels were still 
present after one month. During the degradation, the initially 

15 transparent gel became opaque due to preferential mass-loss of 

hydrophilic PEG rich segments. This change in morphology and the 
generation of an interface or phase might denature the protein drugs or 
cause cell deterioration in tissue engineering. In vitro release of porcine 
growth hormone (PGH) and insulin from the in-situ formed gel stopped 

20 after releasing 40-50 % of loaded proteins. 

Recently, several protein/ peptide drugs demonstrated excellent 
efficacy in clinical trials and have been introduced to the market. With 
the advent of genetic engineering, proteins/ peptides will soon become 
much more common drugs. However, due to the short plasma half-life 

25 and instability of proteins, there are urgent needs for suitable delivery 
vehicles. Certain drug formulations need a one to two-week delivery 
system. Moreover, a one to two-day delivery system may be required. 
For example, ifosfamide, a drug used for germ cell testicular cancer, is 
administered intravenously for 5 consecutive days. This treatment is 

30 repeated every three weeks or after recovery from hematological toxicity. 
In order to prepare such a short-term delivery system, poly(ethylene 
glycol) grafted with poly (lactic acid-co-glycolic acid) (PEG-g-PLGA) 3 where 
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hydi oplulu PEti is a bac kbone, is designed. This material is expected to 
show a different gelation and degradation behavior, and consequently, a 
different drug release profile as compared to PEG-PLGA-PECi. 

'1 he following references disclose {processes or compounds useful 
in this art: 
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SUMMARY OF THE INVENTION 

Tlu* present invention provides a thermogelling biodegradable 
aqueous polymer solution with a polyethylene glycol (PEG) block and a 
biodegradable polyester block, where the blocks are linked to form a 
polymer of a general structure comprising the formula of A n (B), where n 

kj is greater than 2 and A is selected from the group consisting of a 
polyethylene glycol block and a biodegradable polyester block, B is 
selected from the group consisting of a polyethylene glycol block and a 
biodegradable polyester block, and A is different from B. 

It is an object of the present invention to provide a thermogelling 

15 biodegradable polymer solution having utility as a bioactive agent 
delivery system. 

A further object of this invention is to provide a drug delivery 
system that can be injected parenterally. 

Another object of this invention is to provide a drug delivery 

20 system that allows control of polymer degradation rate or duration of a 
sustained gel by controlling the number of branches linked to the 
backbone of the structure or by mixing a first polymer comprising the 
formula A n (B) with at least one other polymer comprising the formula 
A n (B), wherein the first polymer is different from said at least one other 

25 polymer. 

Still another object of this invention is to provide a drug delivery 
system that allows control of the stability of drugs and drug dosage from 
one day to two months. 

Another object of this invention is to provide block copolymer drug 
30 delivery systems that are biodegradable. 

Still another object of this invention is to provide block copolymer 
drug delivery systems that demonstrate desirable release rates. 
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Another object ol this invention is to provide injectable block 
copolymer drug delivery systems that are in solution at room 
temperature or lower and pel at or about physiological temperature. 

Yet another object of this invention is to provide injectable drug 
s delivery systems that eliminate the need for surgical procedures and 
offers the advantage of the ability to form any desired implant shape. 

Still another object of this invention is to provide stimuli sensitive, 
organic solvent-free injectable drug delivery systems that are designed by 
using the thermosensitive sol-to-gel transition of aqueous solutions. 
I o Yet another object of this invention is to provide an aqueous 

solution of a polymer that exhibits low viscosity at formulation 
conditions and gels quickly at physiological conditions. 

Still yet another object of this invention is to provide drug delivery 
systems that can provide desired release rates by varying the ratio of 
15 potyethylene glycol (PEG) block and a biodegradable polyester block. 

Additional objects and advantages of this invention will become 
apparent from the following summary and detailed description of the 
various embodiments making up this invention. 

There is an emerging need for materials that are biocompatible, 
20 promote cellular proliferation and biosynthesis, support physiological 

loads, and are easily manipulated and synthesized. Materials that gel in 
situ are promising as they are easily handled, permit cell seeding, and 
they offer the ability to form any desired implant shape. The present 
invention is well suited for delivery of cells, whereby the thermogelling 
25 biodegradable aqueous polymer solution provides a scaffold for tissue 
repair and organ regeneration. The present invention offers several 
advantages including: the flowability of the thermogelling biodegradable 
aqueous polymer solutions can fill any shape of a defect, promotion of 
tissue integration, easily incorporates live cells and various therapeutic 
30 agents (e.g. growth factors), and finally enables minimally invasive 
placement. 
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Thn cioi v, another object ol this invention is to provide a 
t lu-rmogelling biodegradable polymer solution having utility in tissue 
engineering. 

Still another object of this invention is to provide a thermogelling 
s biodegradable polymer solution having utility as a cell delivery system. 

Yet still another object of this invention is to prepare biodegradable 
solubili/es for hydrophobic drugs. Due to surfactant nature of the PEG- 
g-PLGA and PLGA-g-PEG, this polymer can be used as a solubilizer for 
hydrophobic drug formulations. 
10 For a clear and concise understanding of the specification and 

claims, including the scope given to such terms, the following definitions 
are provided: 

Bioactive Agent: As used herein, a "bioactive agent" shall mean 
any drug, molecule, biomolecule, or cell, 
is Drug: As used herein, a "drug" shall mean any organic compound 

or substance having bioactivity and adapted or used for a therapeutic 
purpose. 

Polypeptide: As used herein, a "polypeptide" shall mean any 
peptide, polypeptide, oligopeptide, and/or protein used as a drug and 
20 shall not be limited by molecular weight, sequence, length, activity or 
use. 

Parenteral: Administering into the body or administered in a 
manner other than through the digestive tract, as by intravenous or 
intramuscular injection. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete appreciation of the invention will be readily 
obtained by reference to the following description and the accompanying 
30 drawings in which like numerals in different figures represent the same 
structures or elements, wherein: 
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Figure 1 is a schematic represcntat ion of the synthesis oi PKG-g 

PLGA. 

Figure 2 is a graphical representation of NMR spectra oi 
intermediate and final products of PEG-g-PLGA synthesis, 
s Figure 3 is graphical representation of a GPC chromatogram of 

polymers showing progress of reactions. 

Figure 4 is a Cryo-TEM image showing micelle formation of the 
PEG-g-PLGA polymer at a concentration of 1 wt% in water at 23.7° C. 

Figure 5a is a graphical representation of UV spectra showing the 
K) formation of core-shell structure of polymers in water at 20° C where 
DPH concentration was fixed at 4 pM and polymer concentration varied 
according to key legend. 

Figure 5b is a graphical representation of the cmc determination 
by extrapolation of the difference in absorbance at 377 and 392 nm. 
15 Figure 6 is a graphical representation of real part (n') of complex 

viscosity and elastic modulus (G') of 22 wt% PEG-g-PLGA aqueous 
solutions as a function of temperature. 

Figure 7 is a graphical representation of a phase diagram of PEG- 
g-PLGA aqueous solution. 
20 Figure 8 is a graphical representation of the calculation of 

enthalpy of sol-to-gel transition of PEG-g-PLGA aqueous solutions. 

Figure 9 is a graphical representation of the 13 C-NMR spectra of 
PEG-g-PLGA in D 2 0 (22 wt. %) as a function of temperature. 

Figure 10 is a graphical representation of the storage modulus of 
25 PLGA-g-PEG as a function of temperature and concentration. 

Figure 11a is a graphical representation of a rheological study of 
PLGA-g-PEG copolymer aqueous solutions (25 wt.%) wherein the real 
part (r\ ? ) of complex viscosity of the copolymer solution was measured as 
a function of temperature. 
30 Figure 1 lb is a graphical representation of rheological study of 

PLGA-g-PEG copolymer aqueous solutions (25 wt.%) wherein the storage 
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modulus (Ci'| ol the copolymer solution was inrasurcd as a function of 
temperature. 

Figure 12 is a graphical representation of a U C-NMR (75MHz) 
spectra of 25% (wt.) PLGA-g-PEG copolymer in DoO as a function of 
temperature wherein the zoom spectra (-73 ppm) are shown at left. 

Figure 13 is a graphical representation of a deuterium NMR 
showing reversibility of the sol-gel transition. 



io DETAILED DESCRIPTION 

The present invention is a biodegradable polymer solution, 
comprising a polyethylene glycol (PEG) block, and a biodegradable 
polyester block linked to form a polymer of a general structure 
15 comprising the formula of A n (B), where n is greater than 2 and A is 

selected from the group consisting of a polyethylene glycol block and a 
biodegradable polyester block, B is selected from the group consisting of 
a polyethylene glycol block and a biodegradable polyester block, and A is 
different from B. 

20 The present invention further provides a thermogelling 

biodegradable aqueous polymer solution which comprises a 
biodegradable polymer solution, comprising a polyethylene glycol (PEG) 
block, and a biodegradable polyester block linked to form a polymer of a 
general structure comprising the formula of A n (B), where n is greater 

25 than 2 and A is selected from the group consisting of a polyethylene 

glycol block and a biodegradable polyester block, B is selected from the 
uroup consisting of a polyethylene glycol block and a biodegradable 
polyester block, and A is different from B, and an aqueous solution. 
The thermogelling biodegradable aqueous polymer solution is 

30 preferred when prepared with the formula A n (B) as described previously 
and n is between 3 and 10. 
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The biodegradable polyester block is preferably a member selected 
from the group consisting of poly(l )L-laetic acid), poly(L-lactic acid), 
poly(glycolic acid), poly(r-caprolactone), poly(Y-butyrolactone), poly(o- 
valerolactone), poly((Vhydroxybutyric acid), and their copolymers or 
s lerpolymers. It is also preferred that the copolymers and/ or terpolymers 
are selected from the group consisting of poly(DL- lactic acid-co-glycolic 
acid), poly(L-lactic acid-co-glycolic acid), poly(c -caprolactone-co-DL- 
lactic acid), copoly(c -caprolactone-co-DL-lactic acid-glycohc acid). The 
above listing of suggested biodegradable polyester blocks is not intended 

10 to be all-inclusive. The biodegradable polyester blocks can have a 

maximum molecular weight of 100,000 with a preferred range of about 
1,000 and 30,000, and most preferably between about 1,000 and 
10,000. The biodegradable polyester blocks are limited as a result of the 
desire to accommodate a solubility limit and not because of degradability 

15 It is preferred that the polyethylene glycol (PEG) block have an 

average molecular weight of between about 300 and 20,000 and is more 
preferably between about 500 and 10,000. The PEG block with a higher 
molecular weight than 10,000 is hard to be filtered through glomeruli 
filtration. 

20 The present invention provides an effective biodegradable bioactive 

agent delivery liquid, comprising an effective amount of bioactive agent 
contained in thermal gelling biodegradable aqueous polymer solution 
comprising a polyethylene glycol (PEG) block, and a biodegradable 
polyester block linked to form a polymer of a general structure 

25 comprising the formula of A n (B), where n is greater than 2 and A is 

selected from the group consisting of a polyethylene glycol block and a 
biodegradable polyester block, B is selected from the group consisting of 
a polyethylene glycol block and a biodegradable polyester block, and A is 
different from B. 

30 It is understood that the present invention can make use of any 

bioactive agent, which can be any drug, molecule, biomolecule, or cell. 
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As well, Hit- present invention can provide as a delivery system lor other 
matter requiring a sustained release rate. 

The thermogclling biodegradable aqueous polymer solutions of 
the 1 present invention are useful as drug delivery systems that provide as 
a carrier for drugs. A drug is an organic compound or substance having 
bioaeuvity and adapted or used for a therapeutic purpose including but 
not limited to anti-cancer agents, hormones, antibiotics, narcotic 
antagonists, analgesics, anti-inflammatory agents, anti-depressants, 
anti-epileptics, anti-malarial agents, immunoactivators, growth factors, 

10 gene therapy agents, oligonucleotides, therapeutic peptides and proteins, 
and combinations thereof. In particular, the present invention provides 
a very useful delivery system for polypeptide and protein drugs that 
require a short biodegradation period to accommodate the requirement 
for a specific sustained release rate due to the short plasma half-life and 

is instability. 

Because the polymers of the present invention are composed of 
hydrophobic and hydrophilic blocks and the surfactant nature, this 
polymer can be used as a solubilizer for hydrophobic drug formulations. 
This property enables these polymers to be used as a solubilizer of 
20 hydrophobic drugs. Typical cancer drugs, such as Taxol, have good 

efficacy while they tend to have low solubility in water. The polymers of 
the present invention can be used as biocompatible solubilizers for such 
drugs. 

The present invention is well suited for delivery of anti-cancer 
25 agents. It is preferred that the anti-cancer agents be selected from the 
group consisting of adriamycin, mitomycin, bleomycin, cisplatin, 
carboplatin, doxorubicin, daunorubicin, 5-fluouroacil, methotrexate, 
taxol, taxotere, and actinomycm D. It is understood that other anti- 
cancer agents may work as well with this invention and the preceding 
30 list is not meant to be all-inclusive. 

The present invention is equally weD suited for delivery of 
polypeptides. It is preferred that that polypeptides be selected from the 
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group consisting ot oxytocin, vasopressin, ;u li r I n h :i )i t lcut I oj )ic giowth 
factor (I'MXiF), prolactin, lulibcrin or luteinising liorinont' releasing 
hormone (LHRH), growth hormone, growth hormone releasing factor, 
insulin, somatostatin, glucagons, interleukin-2 (1L 2), interferon -a 

s (1FN- cj,P,y)> gastrin, tetragastrin, pentagastnn, urogastroine, secretin, 
cacitonui, enkephalins, endorphins, angiotensins, thyrotropin releasing 
hormone (TRH), tumor necrosis factor (TNF), nerve growth factor (NGF), 
granulocyte-colony stimulating factor (G_CSF), granulocyte macrophage- 
colony stimulating factor (M-CSF), rennin, bradykinin, bacitracins, 

10 polymixins, colistms, tyrocidin, gramicidines, and synthetic analogues, 
modifications and pharmacologically active fragments thereof, 
monoclonal antibodies and soluble vaccines. This list is not all-inclusive 
and it is understood that other proteins can be used as well. 

The present invention is well suited for delivery of cells. The 

15 thermogelling biodegradable aqueous polymer solution comprising cells 
provides a scaffold for tissue repair and organ regeneration as well as for 
therapeutic use. 

A useful aspect of the present invention is method for the delivery 
of a bioactive agent in a thermogelling polymer matrix to a warm-blooded 

20 animal for the controlled release of the bioactive agent. Fundamental to 
this aspect of the invention is to provide an injectable thermogelling 
biodegradable aqueous polymer solution which comprises a polyethylene 
glycol (PEG) block, a biodegradable polyester block, wherein the blocks 
are linked to form a polymer of a general structure comprising the 

25 formula of An(B), where n is greater than 2 and A is selected from the 
group consisting of a polyethylene glycol block and a biodegradable 
polyester block, B is selected from the group consisting of a polyethylene 
glycol block and a biodegradable polyester block, and A is different from 
B. The thermogelling biodegradable aqueous polymer solution is then 

30 mixed with an effective amount of a bioactive agent to form a polymer- 
bioactive agent mixture, maintained at a temperature below the gelling 
temperature of the polymer, and provided into a warm blooded animal to 
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form a gel depot as the temperature is raised by t be body temperature oi 
tbe animal to be above the gelling temperature of tbe polymer. It is 
recognized that this aspect of the present invention can have various 
forms of application. For example, it is well suited to use this method of 
application when it is desired to apply a bioactive agent to a warm- 
blooded animal during a surgical procedure where a portion of the body 
of the warm-blooded animal is exposed. By applying the polymer- 
bioactive agent mixture to an area exposed during surgery will allow the 
formation of a depot to a specific/desired area. 

Another aspect of the present invention is method lor the 
parenteral delivery of a bioactive agent in a thermogellmg polymer matrix 
to a warm-blooded animal for the controlled release of the bioactive 
agent. Fundamental to this aspect of the invention is to provide an 
injectable thermogclling biodegradable aqueous polymer solution which 
comprises a polyethylene glycol (PEG) block, a biodegradable polyester 
block, wherein the blocks are linked to form a polymer of a general 
structure comprising the formula of An(B), where n is greater than 2 and 
A is selected from the group consisting of a polyethylene glycol block and 
a biodegradable polyester block, B is selected from the group consisting 
of a polyethylene glycol block and a biodegradable polyester block, and A 
is different from B. The injectable thermogelling biodegradable aqueous 
polymer solution is then mixed with an effective amount of a bioactive 
agent to form a polymer- bio active agent mixture, maintained at a 
temperature below the gelling temperature of the polymer, and injected 
into a warm blooded animal to form a gel depot as the temperature is 
raised by the body temperature of the animal to be above the gelling 
temperature of the polymer. This aspect of the invention provides well 
when it is desired to provide a bioactive agent under controlled release 
without having to surgically expose a warm-blooded animal. Several 
injectable routes including intradermal or intracutaneous, subcutaneous 
or hypodermic, intramuscular, intravenous, and intraspinal can 
administer the polymcr-bioactive agent mixture parenterally. 
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] laving described the invention, the following experimental 
examples are j>iven. These specific examples are not intended to limit 
the scope of the invention described in this application. 

> Experimental Section: 

Mat erials: 

DL~lactide (Polyscience) and glycolide (Polyscience) were 
recrystallized from ethyl acetate. Glutaric anhydride (Aldrich), glutaric 
acid (Aldrich), stannous octoate (Aldrich), epoxy terminated polyethylene 
10 glycol (m.w.: 600; Polyscience), poly(ethylene glycol m.w.:1000; Aldrich), 
and 1 ,6-diphenyl- 1,3,5-hexatriene (DPH; Aldrich) were used as received. 



Synthesis: three-step synthesis of PEG-g-PLGA (Fig. 1.) 

First, PEGs (m.w.- 1000, 38.28 g, 38.28 mmole) were dissolved in 

15 90 ml toluene. Toluene was then distilled off to a final volume of 50 ml to 
remove water by azeotropic distillation. Carboxylic acid terminated PEG 
(CPEG) was prepared by reacting PEG with excess amount of glutaric 
anhydride in the presence of catalytic amounts of glutaric acid. Glutaric 
anhydride (7.255 g, 80.39 mmole) and glutaric acid (0.042 g, 0.40 

20 mmole) were added and the reaction mixture was stirred at 120 °C for 6 
hours. The chemical shifts (ppm) in the spectra are 1.9 (central 
methylene of glutarate), 2.4 (methylene of glutarate next to carbonyl 
group), 3.6 (ethylene of PEG), and 4.2 (methylene of PEG connected to 
glutarate). The one to one area ratio of the peaks at 1.9 ppm and 4.2 

25 ppm indicates the quantitative end group functionalization. Diethyl 

ether was added to the reaction mixture to precipitate out the carboxylic 
acid terminated PEG (CPEG). The product was placed under high 
vacuum (~ 10 3 mm Hg) for 48 hours to remove the residual solvent. 
In the second step, epoxy terminated PEG (EPEG) (m.w.= 600, 

30 5.619 g, 9.36 mmole) was reacted with CPEG (11.50 g, 9.36 mmole) in 
toluene at 120 °C for 24 hours to prepare PEG with pendant hydroxyl 
groups (PEGH) along the PEG backbone. The weight average molecular 
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wright (Mw) and polydisprrsity index (P1)I) of result 1 1 ii\ PEtill, wliuii were 
determined by GPC\ was 3000 and .1.3 relative to polystyrene standards. 
The peaks at 1.9 ppin and 2.4 ppin come from glutaraW-. The peaks at 
3.0 ppm and -1.3 ppm come from PEG. The small overlapped peaks 3.-1 
to 4.2 ppm of PEGH eome from the connecting methylene or methme 
moieties between CPEG and EPEG (Fig. 2). 

In the third step, DL-lactide (l c >.2 g, 133.3 mmole) and glycolidc 
((>.4 g, 55.1 mmole) were polymerized in situ on the preformed PEGU 
backbone tit 130 °C for 24 hours, using stannous octoate (76 jaL, 0.187 

10 mmole) as a catalyst. The graft copolymers were precipitated into excess 
ethyl ether and the residual solvent was removed under vacuum. 

There are two possibilities of the nng-opening pattern of the epoxy 
group during the reaction of EPEG and CPEG. The nucleophiles prefer 
to attack the sterically less hindered side of the epoxy group in the base- 

15 catalyzed addition, while ring opening is less regiospecific in cationic 

polymerization. The GPC chromatogram in Fig. 3 shows the increase in 
molecular weight by the formation of PEGH from CPEG and EPEG. 
Assuming a PEGH molecular weight of about 3,000, there are - 2 - 3 
pendant hydroxy groups per each PEGH. 

20 The resultant PEGH was used as an initiator for the ring-opening 

polymerization of DL-lactide and glycolide in the presence of stannous 
octoate as a catalyst. H-NMR spectra (Fig. 2) show an ethylene glycol 
unit at 3.6 ppm, a lactic acid unit at 5.3 ppm (methine) and 1.8 ppm 
(methyl), and a glycolic acid unit at 4.8 ppm. Composition of the PEG-g- 

25 PLGA calculated by ^-NMR was 2.98/2.35/1.00 (ethylene glycol/DL- 
lactic acid/glycolic acid) in mole ratio. The methylene protons of the 
epoxy group show up at 2.6 ppm and 2.8 ppm in H-NMR. In the H-NMR 
spectrum of PEGH and PEG-g-PLGA the epoxy signals are too small to be 
analyzed quantitatively. Weight average molecular weight (M w ) and PDI 

30 of PEG-g-PLGA determined by GPC relative to polystyrene standards was 
11,000 and 1.3 respectively. 
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( -icl ! Vi mention CI iroinal oj^raphy (GJ } C): 

Tlit k GPC system (Waters 5.15) with a refractive Index Detector 
(Waters 4 10) and a Light Scattering Detector Mini Dawn (Wyatt 
Technology) were used to obtain molecular weight and molecular weight 
^ distribution. Styragel 0 ' HMW 6E and HR 4E columns (Waters) were used 
in series. Tetrahydroiuran (THF) was used as an eluting solvent. 

Cryo-Transmission Electron M i croscope (Crvo-TEM): 

Using cryo-TEM, a 1% PEG-g-PLGA solution was investigated in 

10 the form of vitreous films. Detailed procedures for the sample 

preparation have been published elsewhere. (Bellare el. al., Electron 
Microsc. Tech. 1999, 10, 87-111.) The liquid films of 10 to 300 nm 
thickness freely spanning across the micropores in a carbon-coated 
lacelike polymer substrate were prepared at 23.7° C with complete 

15 control of temperature and humidity, and rapidly vitrified with liquid 
ethane at its melting temperature (-180° C). Imaging was performed 
using a JEOL 1210 operating at 120 kV. Adequate phase contrast was 
obtained at a nominal underfocus of ~ 6 micrometers. Images were 
recorded on a Gatan 724 multiscan camera, and optical density 

20 gradients in the background were digitally corrected. 

CMC Determination: 

Hydrophobic dye, l,6-diphenyl-l,3,5-hexatriene (DPH) was 
dissolved in methanol with a concentration of 0.4 mM. This solution (20 

25 \xL) was injected using a microsyringe into 2.0 ml PEG-PLGA polymer 
aqueous solution with various concentrations between 0.0032 and 0.26 
wt. % and equilibrated for 5 hours at 4° C. UV-VIS spectrometer (HP 
8453) was used to get the UV-VIS spectra in the range of 280 to 450 nm 
at 20° C. CMC was determined by the plot of the difference in absorbance 

30 at 377 nm and at 391 nm (A377 - A391) versus logarithmic concentration. 
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Viscosity: 

The viscosity of PK( ; g I 'LGA aqueous solution (22 wt. %) was 
measured as a function of" temperature. A Canon Kenske viscometer 200 
with a viscometer constant of 0.0 c H)h centistokes/ sec, was used to 
measure the viscosity of the polymer solution. 

1 )yn ami c Mechanic al Anal ysis: 

The sol-gel transition of the graft copolymer aqueous solution (22 
wt. %) was investigated using a dynamic mcchanicaJ rhcometer 
lo (Rheometric Scientific: SR 2000). The polymer solution was placed 

between parallel plates having a diameter of 25 mm and a gap distance 
of 0.5 mm. The data were collected under controlled stress (4.0 
dyne/ cm 2 ) and frequency of 1.0 radian/ second. The heating and cooling 
rate was 0.2°C/min. 

15 

Sol-Gel Transition: 

The sol-gel transition was determined by a test tube inverting 
method with a temperature increment of 1° C per step. Polymer aqueous 
solutions (0.5 g) were prepared in 4 mL vials with inner diameters of 1 1 
20 mm. The vials were immersed in a water bath at each step for 15 

minutes. The sol-gel transition temperature was monitored by inverting 
the vials, and if there was no flow in 30 seconds, it was regarded as a 
gel. The transition temperature was determined with ±1° C accuracy. 



NM R Study: 

A NMR spectrometer (Variant VXR 300) was used for ] H-NMR and 
i'C-NMR to study composition and microenvironment change during sol- 
to-gel transition. For the 13 C-NMR in D 2 0, a 22 wt. % PEG-g-PLGA 
30 solution was prepared. 
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Results and Discussion 

Micelhzatjon: 

PEC i-f '.-I M.X i A is an amphophilic copolymer and a core-shell 
structure can be expected in water. The hydrophobic PLGA side chains 

s ibrrn a core and the hydrophilic PE(i backbones form a shell region. The 
formation of core-shell structure was investigated by Cryo- transmission 
electron microscopy (Cryo-TEM) and dye solubilization method. 

The formation of micelles was directly confirmed by a Cryo-TEM 
image. An 1 wt. % PEG-g-PLGA solution at 23.7 °C was quenched into a 

10 vitrified form at -180 °C. The Cryo-TEM image shows closely packed 
spherical micelles (denoted as S in Figure 3) on the left side of black 
stripe. The diameter of a micelle is about 9 nm. (Fig. 4) 

At a fixed concentration of DPH, the polymer concentration was 
increased from 0.0032 to 0.26 wt. %. The absorption coefficient of the 

is hydrophobic dye (DPH) is much higher in a hydrophobic environment 
than in water. Thus, with increasing polymer concentration, the 
absorbance at 377 and 356 nm increased, indicating that the polymers 
formed a core-shell structure in water creating a hydrophobic 
environment (Figure 4-a). The critical micelle concentration (CMC) was 

20 determined by extrapolating the absorbance at 377 nm minus 

absorbance at 391 nm (A377 - A391) versus logarithmic concentration 
(Figure 4-b) to compensate for the scattering effect. The CMC value 
determined by this extrapolation is not precise due to the uncertainty in 
the line, but it is in a range of 0.01-0.05 wt. % at 20° C. Fig. 5a is a UV 

25 spectrum showing the formation of core-shell structure of polymers in 
water at 20° C. DPH concentration was fixed at 4pM and polymer 
concentration varied: 0.0032, 0.01, 0.0178, 0.032, 0.056, 0.010, 0.178, 
0.26 wt.%. The increase in absorption band at 377 nm with increasing 
polymer concentration indicates the formation of a hydrophobic 

30 environment, that is, micelles, in water. Fig. 5b shows a CMC 

determination by extrapolation of the difference in absorbance at 377 nm 
and at 391 nm. 
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Sol-Gel Transition: 

At high concentrations, the PrXi-g-PLGA aqueous solution 
undergoes a sol-to-gel transition with increasing temperature. The 

^ viscosity of a 22 wt . % PI<X ) • g- PLGA aqueous solution that was measured 
by Cannon-Kcnske viscometer was 27 centipoises at 20° C. This 
viscosity is low enough for an easy formulation of the polymer with 
pharmaceutical agents that could be injected using a 22-gauge needle. 
Above the gelation temperature, the viscosity is too high to flow through 

to the capillary of this viscometer. Dynamic mechanical analysis of 22 wt. 
% aqueous polymer solutions show that the real part (n*) of complex 
viscosity increases from 5 to 500 dyne sec cm 2 (P] and elastic modulus 
(G'} increased from zero to 100 dyne cm 2 during a sobto-gel transition 
(Fig. 6). n/ and G' arc measures of dissipated energy and stored energy 

is respectively when a material is subject to cyclic deformation. And, 

practically no flow was observed above 30° C in the test-tube inverting 
method, indicating a sol-to-gel transition. When we compare the two 
methods for 22 wt % aqueous polymer solutions, the gelation 
temperature determined by test-tube inverting method corresponds to 

20 the temperature at which n' of 100 P and G J of 50 dyne/cm 2 are reached 
in dynamic mechanical analysis when thermal equilibrium is assumed in 
both cases. 

The phase diagram of PEG-g-PLGA aqueous solutions determined 
by a test-tube inverting method is shown in Figure 6. The sol-to-gel 

25 transition is accompanied by a sharp increase in viscosity. The critical 
gel concentration (CGC) above which the gel phase appears was about 16 
wt. %. Below CGC, the system flows even though the viscosity increases 
as the temperature increases. The sol-to-gel transition temperature, 
estimated at about 30° C, was slightly affected by the polymer solution 

30 concentration. The presence of the gel phase around body temperature 
(37° C) indicates that the material is a promising candidate for an 
injectable drug delivery system that can be formulated at room 
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trinpcrnt un\ and would jonn a gel in tutu upon subcutaneous 01 
intramusc ular injection. The pharmaceutical agents would then be 
slowly released from the in situ formed gel. 

Further analysis of the phase diagram illustrates that with 

s increasing temperature the gel exhibits syneresis, marked as gray 
triangles in Fig. 7, a macromolccular phase separation where some 
amount of water is exuded from the gel phase. Above the syneresis 
temperature, the gel phase remains separated from the water. Therefore, 
the sol phase at low temperature is a homogeneous one-phase solution 

io while the sol phase above syneresis is a two-phase system. The gel 
region, right side of the trend line in the phase diagram indicates the 
area where a uniform gel phase exists. Based on the phase diagram 
(Fig. 7), 21-25 wt. % of PEG-g-PLGA aqueous solutions are 
recommended as injectable formulations for drug delivery. 

15 The aggregation number of a micelle can be estimated from 

the size of the micelle by assuming that the micelle is a hard sphere. 
The radius of a micelle can be estimated from equation. 

a. R = (3Ms.d.^/47iNa) 1 / 3 

20 

Where M s .d. denotes the molecular weight of a micelle obtained from 
centrifugal sedimentation, which is close to weight average molecular 
weight (M w ). V2, and Na are the partial specific volume of the polymer, 
and the Avogadro's number, respectively. The aggregation number of a 
25 micelle (N ag ) is given by equation. 

b. Nag = M/Mo 

Where M and Mo denote molecular weight of a micelle and molecular 
30 weight of a polymer respectively. Assuming V2 is 0.95, which is typical 
for polyester or polyether, and R is about 4.5 nm (diameter ~ 9 nm) from 
Cryo-TEM, the micellar aggregation number is 40 at 20° C. The 
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aggregation number oi a micelle is assumed to be practically constant lor 
a sol region as m the cases of PKG-PLCiA-PECi and poloxamer 407. This 
calculation also assumes that M is equal to M v i> and the molecular 
weight of PlOG-g-PLGA (Mo) is bOOO as determined from GPC data. Based 
on tins estimation, the thermodynamic 1 functions such as enthalpy (AH 0 ), 
Cnbhs tree energy (A(i°), and entropy of gelation (AS 0 ) can be calculated. 
Now, the standard states of gelation process are taken to be the micelles 
in ideal dilute solution at unit molarity and micelles in gel state. 

10 c. AG 0 - RTViln C m 

d. AH° = R|dlnC m /d(l/T RC i)l 

e. AS 0 = (AG 0 - AH°)/T g ei 

15 

C m is the concentration of micelles in mole L 1 that is calculated by 
assuming that the aggregation number per micelle is 40. T ge i is the sol- 
to-gel transition temperature. AH 0 calculated from the slope of In C m 
versus 1/T ge i (Fig. 8) is 146 kJ mole" 1 (micelle) or AH 0 = 3.65 kJ mole 1 

20 (chain). This value is similar to gelation of poloxamer 407 (AH 0 = 1.5 

kJmole 1 (chain)) and PEG-PLGA-PEG triblock copolymers (AH 0 = 1.32 kJ 
mole 1 (chain)). Gibbs free energy (AG 0 ) and entropy (AS 0 ) for the gelation 
of 22 wt. % PEG-g-PLGA aqueous solution with a T ge i of 30° C are -0.59 
kJ mole 1 and 1.9 J mole- 1 K" 1 , respectively. This calculation leads to the 

2> conclusion that the entropy drives the gelation. The molecular origin of 
such an entropy-driven process has been suggested as hydrophobic 
interactions. Water molecules tend to surround the hydrophobic 
segment (PLGA) to decrease the free energy. Consequently, the entropy 
of water molecules decreases in the presence of hydrophobes. Therefore, 

30 the surface area of hydrophobic molecules is minimized in water. Such 
hydrophobic interactions increase with increasing temperature, and 
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change the molecular conformation of PHG-g PLGA, llius might drive the 
gelation. 

The i;i C-NMR analysis of the polymers was conducted at different 
leinperatnres to elucidate the structure of the gel and mechanism of gel 
s formation (Fig. 9). Spectra of polymers dissolveti in water and 

chloroform were: compared. The K *C-NMR spectra of a 22 wt. % PEG-g- 
PLGA in D'jO were obtained at 20 (sol state), 30 (just above sol-to-gel 
transition), 40 (gel state), and 50 °C (macrophase- separated state) by 
simply increasing the temperature around the probe without changing 
lo NMR parameters. The equilibration time at each temperature was 15 

minutes. Chloroform (CDCI3) is a nonselective good solvent for both PEG 
and PLGA blocks while water (D2O) is a good solvent for PEG but is a 
poor solvent for PLGA. The sharp peaks of both PEG and PLGA in 
chloroform are compared with a collapsed peak of PLGA in water at first 
1 5 and second rows of 13 C~NMR, indicating core (PLGA)-shell (PEG) 

structure of the polymer in water. The molecular motion of PEG in water 
is decreased due to anchoring effects by the hydrophobic PLGA segments 
compared with that in chloroform. This fact is reflected in a broadened 
peak of PEG in D2O at 20° C. The change in molecular association at 
20 sol-to-gcl transition involves the change in molecular motion of the 

polymers. The change in 13 C-NMR with increasing temperature (20 0 C - 
50° C) shows such a change in microenvironment around the PEG and 
PLGA. The PEG peak (72 ppm) at a gel state (30° C) is broadened and 
decreased by half in height compared with a sol state (20° C), whereas 
25 there is a slight increase in PLGA peak height (20 ppm) at gel state (30° 
C). These changes in peak heights indicate a significant decrease in 
molecular motion of the PEG backbone, and increased thermal motions 
of the PLGA side chains during sol-to-gel transition. This behavior is 
quite different from that of PLGA-g-PEG. PLGA-g-PEG showed little 
30 change in PEG peak during sol-to-gel transition at the 13 C-NMR in D2O. 
Based on these observations, the following model can be suggested for 
the sol-to-gel transition of PEG-g-PLGA copolymer aqueous solutions. In 
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a sol state, the polymer contormation is micellar when- the PEGs occupy 
shell and PLGAs occupy core of the micelle. The degree of association in 
a sol state is not enough to form a three dimensional network. With 
increasing temperature, the hydrophobic interactions increase and 
assoc iations of polymers decrease the PEG molecular motion, resulting 
in a long-range network formation, that is, a gel. The degree of 
association is strong enough to keep its integrity in the presence of 
excess water at a given temperature such as 37° C. Therefore, we can 
define this system as a gel rather than a solution with an increased 
viscosity. As the temperature increases further, the long-range 
interactions among the polymers increase and phase mixing between 
PEG and PLGA occurs, resulting in the macrophase separation between 
water and polymer that occurs at SO C. 

The 22 wt.% polymer solutions (0.5 g) are injected into 4 mL vials 
(diameter of 1 . 1 cm) and kept in a 37° C water bath for five minutes. 
During this time the gel forms. 3 mL of phosphate buffer saline (37° C, 
pH=7.4) is added and the vials are shaken (16 strokes /minute) in the 
water bath to simulate body condition. The gel keeps its integrity for 
one- week in vitro, and the initially turbid gel becomes transparent in 3 to 
7 days. After 7 days, the gel totally disintegrated to become a clear 
polymer solution. 

This material can be applied for a short-term delivery of bioactive 
agents such as pharmaceutical drugs (e.g. proteins, anticancer drugs) 
as well as a carrier or delivery system for bioactive agents used in tissue 
engineering. The hydrophobicity of the drug and the molecular structure 
of the polymers affect the extent of diffusion or degradation dominant 
drug release profile. Therefore, by choosing the appropriate drug and 
molecular parameters of PEG-g-PLGA, a short-term delivery system can 
be designed based on this polymer hydrogel. 
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Synthesis: one slep synthesis oJ 1 } L( iA -g PKCi 

The graft copolymer IMXiA-g VKG was synthesized by a one- stop ring 
opening polymerization of DL-lactidc, glycolide, and epoxy terminated 
polyethylene glycol) (PEG; m.w.=600) using stannous octoate as a 

s catalyst. The DL- lactic acid/glyeolie acid/ethylene glycol mole ratio is 
3/2/ 1 /2.S, which was determined by H-NMK. Therefore, the grafting 
frequency of PEG is 4.7% by mole. Therefore, the grafting frequency of 
PEG is 4.7 % by mole. The weight average molecular weight (Mw) and 
polyciispersity (Mw/Mn) of the polymers determined by gel permeation 

10 chromatography (GPC) relative to polystyrene standards using 

tctrahydrofuran as an eluting solvent, are 4200 and 1 .3, respectively. 

Sol- g el Transition : 

At room temperature, viscosity of the 25 wt. % aqueous solutions is 

15 about 0.3 poise (grrHs" 1 ), which allows for injecting the solution using a 
25-gauge needle. With increasing temperature, the aqueous solutions 
(25 wt. %) of PLGA-g-PEG undergo a sol-to-gel transition at 30° C. The 
gel state is traditionally defined as a non-flowing semisolid by a test-tube 
inversion method. In the practical application, the gel should keep its 

20 equilibrium-swollen state and not dissolve in an excess amount of 

solvent. Further increase in temperature of the PLGA-g-PEG aqueous 
solution (25 wt. %) results in a macroscopic phase-separation between 
gel and water, that is, syneresis occurs at 50° C. 

25 Dynamic Mechanical Analysis : 

The sol-gel transition of the graft copolymer aqueous solution was 
investigated using dynamic rheometry (Rheometric Scientific: SR 2000) 
in a similar manner to poloxamer aqueous solutions. The polymer 
solution was placed between parallel plates having a diameter of 25 mm 

30 and a gap distance of 0.5 mm. The data were collected under controlled 
stress (4.0 dyne/cm 2 ) and a frequency of 1.0 radian/ second. The 
heating and cooling rate was 0.2° C/min. By the dynamic mechanical 
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analysis, sol-gel transition can be identified in a more reproducible and 
quantitative manner than the test-tube inversion method. 

The modulus oi the PLGA-g-PL'Xi aqueous solution is shown in 
Figure 10 as a function of temperature and concentration. The storage 
modulus increases abruptly at the sol to gel transition. The gels have a 
modulus of about 50 dyne/cire- and are slightly affected by concentration 
in a range of 22 to 2 C ) wt. %. The sol-to-gel transitions occur at around 
30° C, suggesting easy formulation at room temperature. 

To confirm the reversibility of the sol-gel transition, 25 wt. % PLGA- 
g-PEG aqueous solutions were studied. The real part (n/) of complex 
viscosity of the polymer solution, which is a measure of dissipated 
energy when cyclic deformation is applied to a material, is shown as a 
function of temperature in Figure 1 la. During the first heating cycle 
(HI), rj' increased 1000 times upon sol-to-gel transition. The cooling 
curve (CI) shows that the gel phase persisted over the temperature range 
of 43 ~ 20 °C in the experimental time scale. This fact results from the 
difficulty in molecular rearrangement in the gel phase; once the solution 
forms a gel, the molecules resist disintegration, rj 5 abruptly decreased at 
15° C due to gel-to-sol transition during the cooling of the system. The 
second heating curve (H2) shows sol-to-gel transition at practically the 
same temperature as the first heating curve (HI). 

The storage moduli (G'J of the PLGA-g-PEG aqueous solutions (25 
wt. %), which are a measure of stored energy when a cyclic deformation 
is applied to a material, are practically zero at a sol state and are not 
shown in the heating curve (Figurellb; HI). G' sharply increased during 
sol-to-gel transition at 32 u C as shown in heating curves. The maximum 
value for G 1 was measured between 35 - 39° C, indicating a promising 
material for in-vivo (37° C) applications. During the cooling cycle (CI), 
the gel modulus increased over the temperature range of 43 ~ 20° C, 
exhibiting similar behavior to typical elastic materials, and dropped 
abruptly at 15° C due to gel-to-sol transition. During the first (HI) and 
second (H2) heating cycle, practically the same transition curve was 
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ineasui eel lor G', n uiu ;it ni^ a reversible gelation. The decrease in G f at 
temperatures above, 40 ~ 45° C can be expected due to increase in 
thermal motion. Tins trend was also observed with i3 C NMR spectra 
(Figure 12). 

s 

NMR Study: 

The 13 C-NMK spectra of a 25 wt. % copolymer solution in D:>C) were 
recorded at different temperatures. In the sol state (20 °C), the methyl 
peak of the hydrophobic PLGA (18 ppm) is collapsed and broadened 

10 compared with PEG peak (72 ppm) whereas that in CDC1 3 appears as a 
sharp peak, indicating core-shell structure of this polymer in water. The 
core-shell structure of these amphophilic copolymers was also confirmed 
by micelle formation in diluted aqueous solutions. The critical micelle 
concentration (CMC) determined by a dye solubilzation method was 0.03 

15 wt. % at 20 C >C. 

Just above the sol-to-gel transition temperature (33 °C) of an 
aqueous PLGA-g-PEG copolymer solution (25 wt. %), the 13 C-NMR peak 
shapes of both the hydrophobic PLGA methyl peak and hydrophilic PEG 
peak are preserved except that the PEG peak was shifted down field 

20 about 0.3 ppm. With a further increase in temperature, the peak height 
of the PLGA methyl peak increases, and the PEG peak is split into two 
peaks, a sharp one at 72.4 ppm and a broad one at 72.7 ppm. These 
behaviors are thought to be caused by an increase in molecular motion 
of the hydrophobic backbone and phase mixing between PEG and PLGA. 

25 The phase mixing between PEG and PLGA or PLLA was previously 
reported. Further increase in temperature resulted in macrophase 
separation between water and the polymer. 

The reversibility of the sol-gel transition is also confirmed by 
deuterium NMR (Figure 13). The peak at 4.8 ppm at 20 °C (sol state) 

30 shifted to 4.6 ppm at 33 °C (just above sol-to-gel transition), 4.58 ppm at 
37° C (gel state), 4.56 ppm at 40 °C, and 4.5 ppm at 50° C (syneresis). 
The change in chemical shift was the most pronounced during the sol-to- 
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gel transition (u O..'. ppni) and then during syndesis. When the system 
is cooled to 20 ( * (\ the deuterium peak reappears at 4.8 ppm, indicating 
the reversibility (>t the transition. In a sol state, water moves more freely 
than in a gel state. During the sol-to- gel transition, PEG becomes more 
hydrophobic due to dehydration and the extent of hydrogen bonding 
between water molecules and polymers changes. Therefore, the time 
average environment around deuterium nuclei will be affected, leading to 
the changes in chemical shift of water during sol-to-gel transition. This 
finding suggests that the deuterium NMR can be a good method for the 

10 determination of sol-gel transition. 

The sol-to-gel transition temperature could be controlled from 20° to 
40° C by changing PEG length and composition. When the PEG 
molecular weight of PLGA-g-PEG increases from 600 tolOOO the sol-to- 
gel transition occurred at 40° C, whereas the sol-to-gel transition 

15 occurred at 20° C when the PEG composition is decreased by 20 % in 
mole. 

Varying gel durability : 

The time frame for gel durability can be varied by adjusting the 

20 ratio of the two blocks in the formula A n (B) (where n is >2). To test and 
exemplify the duration of a gel 0.5 g of a polymer solution (see table 
below) was injected into a 4 ml vial (inner diameter 1.1 cm) and 
maintaining at 37° C for 5 minutes to allow the gel to form. After the gel 
is formed, 3 ml of phosphate buffer saline (37° C, pH=7.4) is added and 

25 the vial is placed in a shaker bath (16 strokes /minute). The polymer 
was monitored daily for complete degradation and the top layer of the 
buffer was replaced at the time of monitoring. The following table shows 
the resulting gel durations for each ration of the polymer. PEG-g-PLGA 
had a molecular weight of 1 1,000 and PLGA-g-PEG had a molecule 

30 weight of 7,800. 
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Ratio (PEG-g- 












PLGA/ PLG A-g-PEG ) 


100/0 


60/40 


50/50 


40/60 


0/100 


Duration of a pel 












measured as 


lday-1 


3 days- 


2~ 


3-6 




described above. 


week 


2 weeks 


4 weeks 


weeks 


10 weeks 



Conclusions 

The aqueous solutions of PEG-g-PLGA copolymers exhibited sol-to- 
5 gel transition in response to an increase in temperature. Micelle 

formation was confirmed by Cryo-TEM and dye solubilization method. 
The micellar diameter was about 9 nm and CMC was in a range of 0.01- 
0.05 wL %. 13 C-NMR shows that the molecular motion of PEG 
backbones decreases while that of PLGA side chains increases during 
10 sol-to-gel transition. 

The 21-25 wt. % solutions exhibit low viscosity at room 
temperature and form gels at body temperature. The gel morphology 
changed from turbid to transparent, and the integrity of gel persisted for 
one week suggesting a promising candidate for short-term drug delivery 
15 systems. 

The aqueous PLGA-g-PEG system showing a reversible sol-to-gel 
transition by increasing temperature was studied by dynamic 
mechanical analysis and NMR spectrophotometer. The rheological study 
of the copolymers in aqueous solution demonstrated that thermogelation 

20 occurred at about 30° C and the elastic gel modulus exhibited a 

maximum around body temperature (37° C). A preliminary in vivo study 
in a rat model confirmed in situ gel formation after subcutaneous 
injection of a 0.5 ml aqueous solution. The gel was still present at the 
injection site after 2 months. This fact clearly distinguishes this polymer 

25 from poly(ethylene glycol) -g-poly(DL-lactic acid-co-glycolic acid) PEG-g- 
PLGA copolymer hydrogels, which disintegrated in one week. 
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Thf system developed 111 this study is very promising for local 
delivery of bioactive agents such as proteins, anticancer drugs, and 
antiathntis drugs by subcutaneous, intraperitoneal, ocular, vaginal or 
rectal administrations. Thermosensit lvit.y enables the in- situ gel 

s formation upon injection, therefore no surgical procedure is required to 
implant the drug delivery system and no organic solvent is needed for 
drug formulation. The physical properties of soft hydrogels reduce 
mechanical tissue irritation surrounding the injection site. Also, the 
polymers are biodegradable; therefore there is no need for surgical 

10 removal of the implant after the release of the pharmaceutical agent. 

While the invention has been described in connection with specific 
embodiments thereof, it will be understood that it is capable of further 
modifications and this application is intended to cover any variations, 
uses, or adaptations of the invention following, in general, the principles 

is of the invention and including such departures from the present 

disclosure as come within known or customary practice within the art to 
which the invention pertains and as may be applied to the essential 
features herein before set forth and as follows in scope of the appended 
claim. 
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CLAIMS 



We claim: 



1 . A thermogelling biodegradable aqueous polymer solution, 
comprising: 

10 a. a biodegradable polymer, comprising 

i. a polyethylene glycol (PEG) block, and 

ii. a biodegradable polyester block, wherein 

hi. said blocks are linked to form a polymer of a general 
structure comprising the formula of A n (B), where n is greater than 2 and 
15 A is selected from the group consisting of a polyethylene glycol block and 
a biodegradable polyester block, B is selected from the group consisting 
of a polyethylene glycol block and a biodegradable polyester block, and A 
is different from B; and 

b. an aqueous solution. 

20 

2. A thermogelling biodegradable aqueous polymer solution 
according to claim 1 wherein n is between 3 and 10. 

3. A thermogelling biodegradable aqueous polymer solution 
25 according to claim 1 wherein said polyethylene glycol (PEG) has an 

average molecular weight of between about 300 and 20,000. 

4. A thermogelling biodegradable aqueous polymer solution 
according to claim 1 wherein said polyethylene glycol (PEG) has an 

30 average molecular weight of between about 500 and 10,000. 
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b. A thcrmo;>elling biodegradable aqueous polymer solution 
according to claim 1 wherein said polyester block has an average 
molecular weight of between about 1,000 and 30,000. 

s b. A thcrmogelling biodegradable aqueous polymer solution 

according to claim 1 wherein said polyester block has an average 
molecular weight of between about 1,000 and 10,000. 

7. A thermogellmg biodegradable aqueous polymer solution 
10 according to claim 1 , wherein said biodegradable polyester block is 

selected from the group consisting of poly(DL-lactic acid), poly(L-lactic 
acid), poly(glycolic acid), poly(e-caprolactone), poly(v-butyrolactone), 
poly(Y-valerolactone), poly((Vhydroxybutyric acid), and their copolymers 
or terpolymers. 

15 

8. A thermogellmg biodegradable aqueous polymer solution 
according to claim 7, wherein said copolymers and/or terpolymers are 
selected from the group consisting of poly(DL-lactic acid-co-glycolic acid), 
poly(L-lactic acid-co-glycolic acid), poly(£-caprolactone-co-DL-lactic acid), 

- 20 copoly(E-caprolactone-co-DL-lactic acid-glycolic acid). 

9. A biodegradable bioactive agent delivery system, comprising: 

a. an effective amount of bioactive agent contained in; 

b. a thermogelling biodegradable aqueous polymer solution 

25 comprising 

i. A biodegradable polymer, comprising a polyethylene 
glycol (PEG! block a biodegradable polyester block, wherein said blocks 
are linked to form a polymer of a general structure comprising the 
formula of A n (B), where n is greater than 2 and A is selected from the 
30 group consisting of a polyethylene glycol block and a biodegradable 

polyester block, B is selected from the group consisting of a polyethylene 
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glycol block aiul a biodciM adablc polyester block, and A is different from 
H, and 

ii.an aqueous solution. 

s 10. A biodegradable bioactive agent delivery system according to 

claim 9 wherein said bioactive agent is a drug. 

11. A biodegradable bioactive agent delivery system according to 
claim 10 wherein said drug is selected from the group consisting of anti- 

io cancer agents, hormones, antibiotics, narcotic antagonists, analgesics, 
anti-inflammatory agents, anti-depressants, anti-epileptics, anti-malarial 
agents, immunoactivators, growth factors, radioprotection agents, 
vaccines, gene therapy agents, oligonucleotides, antisense, peptides and 
proteins, and combinations thereof. 

15 

12. A biodegradable bioactive agent delivery system according to 
claim 10 wherein said drug is an anti-cancer agent. 

13. A biodegradable bioactive agent delivery system according to 
20 claim 12 wherein said anti-cancer agent is a member selected from the 

group consisting of adriamycin, mitomycin, bleomycin, cisplatin, 
carboplatin, doxorubicin, daunorubicin, 5-fluouroacil, methotrexate, 
taxol, taxotere, and actinomycin D. 

25 14. A biodegradable bioactive agent delivery system according to 

claim 10 wherein said drug is a polypeptide. 

15. A biodegradable bioactive agent delivery system according to 
claim 14 wherein said polypeptide is a member selected from the group 
30 consisting of oxytocin, vasopressin, adrenocorticotropic growth factor 
(PDGF), prolactin, luliberin or luteinising hormone releasing hormone 
(LHRH), growth hormone, growth hormone releasing factor, insulin, 
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somatostatin, glucagons, mterlcukin 2 (IL 2), mterlct 01 i- o J^y (IFN- 
u,(',y)> gastrin, tetragast rin, pentagastrm, urogast romc, secretin, 
cacitomn, cake plialins, endorphins, angiotensins, thyrotropin releasing 
hormone (TRH), tumor necrosis factor (TNF), nen'c growth factor (NGK), 
granulocyte colony stimulating factor ((i-CSF), granulocyte macrophage 
colony stimulating factor (M-CSF), irnnin, bradykinin, bacitracins, 
alpha- 1 antitrypsin, platelet derived growth factor, albumin, anti- 
thrornbin III, glucocerebrosidasc, DNAse, tissue plasminogen activator, 
calcitonin, clotting factors VII, VIII, and IX, LHR1I antagonists, insulin, 
erythropoietin, polymixins, colistins, tyrocidin, gramieidines, and 
synthetic analogues, modifications and pharmacologically active 
fragments thereof, monoclonal antibodies and soluble vaccines. 

16. A biodegradable bioactive agent delivery system according to 
claim 9 wherein said therapeutic agent is a cell. 

17. A biodegradable bioactive agent delivery system according to 
claim 9 wherein said thermogelling biodegradable aqueous polymer 
solution provides as a solubilizer. 

18. A method for the parenteral delivery of a bioactive agent in a 
thermogelling polymer matrix to a warm blooded animal for the 
controlled release of said bioactive agent, which comprises: 

a. providing an injectable thermogelling biodegradable 
aqueous polymer solution, which comprises 

i.A biodegradable polymer, comprising a polyethylene 
glycol (PEG) block, a biodegradable polyester block, wherein said blocks 
are linked to form a polymer of a general structure comprising the 
formula of An(B), where n is greater than 2 and A is selected from the 
group consisting of a polyethylene glycol block and a biodegradable 
polyester block, B is selected from the group consisting of a polyethylene 
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jMycol block and a 1 nodcgi adable polyester block, and A is different than 
H, and 

ii. an aqueous solution; 
b. mixing said thermogelling biodegradable aqueous 
s polymer solution with an effective amount of bioactive agent to form a 
polymer- bioactive agent mixture; 

t\ maintaining said polymer -bioactive agent mixture at a 
temperature below the gelling temperature of said polymer; and 

d. injecting said solution parcnterally into said warm 
10 blooded animal forming a gel depot of said bioactive agent and 

biodegradable polymer as the temperature of the solution is raised by the 
body temperature of said animal to be above the gelling temperature of 
said polymer. 



15 19. A method according to claim 18 wherein said bioactive agent 

is a drug. 

20. A method according to claim 19 wherein said drug is an 
anti-cancer agent. 

20 

21. A method according to claim 20 wherein said anti-cancer 
agent is a member selected from the group consisting of adriamycin, 
mitomycin, bleomycin, cisplatin, carboplatin, doxorubicin, daunorubicin, 
5-fluouroacil, methotrexate, taxol, taxotere, and actinomycin D. 

25 

22. A method according to claim 19 wherein said drug is a 
polypeptide. 



23. A method according to claim 22 wherein said polypeptide is 
30 a member selected from the group consisting of oxytocin, vasopressin, 
adrenocorticotropic growth factor (PDGF), prolactin, luliberin or 
luteinising hormone releasing hormone (LHRH), growth hormone, growth 
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hormone releasing lactoi , insulin, somatostatin, glucagons, interlcukin-2 
(IL-2), interferon -u,(^v (H r N- ci^^y), gastrin, tctragast riu, pentagastrin, 
u rogastroine, secretin, cacitonin, enkephalins, endorphins, angiotensins, 
thyrotropin releasing hormone (TRH), tumor neerosis factor (TNF), nerve 
? growth factor (NGF), granulocyte colony stimulating, factor (G- CSF), 
granulocyte macrophage-colony stimulating factor (M-CSF), renmn, 
bradykirnn, bacitracins, alpha- 1 antitrypsin, platelet derived growth 
factor, albumin, anti-tbroinbm III, glucocerebrosiclasc, DNAse, tissue 
plasminogen activator, calcitonin, clotting factors VII, VIII, and IX, LIIRH 
10 antagonists, insulin, erythropoietin, polymixins, colistins, tyrocidin, 
gramicidines, and synthetic analogues, modifications and 
pharmacologically active fragments thereof, monoclonal antibodies and 
soluble vaccines. 

is 24. A method for the delivery of a bioactive agent in a 

therm o gelling polymer matrix to a warm blooded animal for the 
controlled release of said bioactive agent, which comprises: 

a. providing a thermogelling biodegradable aqueous polymer 
solution, which comprises 

20 i-A biodegradable polymer, comprising a polyethylene 

glycol (PEG) block, a biodegradable polyester block, wherein said blocks 
are linked to form a polymer of a general structure comprising the 
formula of An(B), where n is greater than 2 and A is selected from the 
group consisting of a polyethrylene glycol block and a biodegradable 

25 polyester block, B is selected from the group consisting of a polyethylene 
glycol block and a biodegradable polyester block, and A is different than 
13, and 

ii.an aqueous solution; 

b. mixing said thermogelling biodegradable aqueous 

30 polymer solution with an effective amount of bioactive agent to form a 
polymer-bioactive agent mixture; 
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c. i Maintain int.', said ] >olymcr~ bioact lve agent mixture at a 
temperature below the gelling temperature of said polymer; and 

d. providing said polymer- 1 noaetive agent mixture into said 
warm blooded animal forming a gel depot of said bioaetive agent and 

^ biodegradable polymer as the temperature of the liquid is raised by the 
body temperature of said animal to be above the gelling temperature of 
said polymer. 

25. A method according to claim 24 wherein said bioaetive agent 
it) is a drug. 

2b. A method according to claim 25 wherein said drug is 
selected from the group consisting of anti-cancer agents, hormones, 
antibiotics, narcotic antagonists, analgesics, an ti -inflammatory agents, 
1 5 anti-depressants, anti-epileptics, anti-malarial agents, 

immunoactivators, growth factors, radioprotection agents, vaccines, gene 
therapy agents, oligonucleotides, antisense, peptides and proteins, and 
combinations thereof. 

20 27. A method according to claim 25 wherein said drug is an 

anti-cancer agent. 

28. A method according to claim 27 wherein said anti-cancer 
agent is a member selected from the group consisting of adriamycin, 

25 mitomycin, bleomycin, cisplatin, carboplatin, doxorubicin, daunorubicin, 
5-fluouroacil, methotrexate, taxol, taxotere, and actinomycin D. 

29. A method according to claim 25 wherein said drug is a 
polypeptide. 

30 

30. A method according to claim 29 wherein said polypeptide is 
a member selected from the group consisting of oxytocin, vasopressin, 
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adrcnocort icot i opic growth iactor (IMKiK), prolactin, luliberin or 
luteinising hormone releasing hormone (LHRH), growth hormone, growth 
hormone releasing iactor, insulin, somatostatin, glucagons, interleukin 2 
(1L-2), lnlerieron-ti.l^v (iFN- u,|},y), gastrin, tetragastrin, pentagastrin, 
urogastroine, sec retin, eaeitonin, enkephalins, endorphins, angiotensins, 
thyrotropin releasing hormone (TRII), tumor necrosis factor (TNF), ncn'e 
growth factor (NGF), granulocyte-colony stimulating factor (G-CSF), 
granulocyte macrophagc-colony stimulating factor (M-CSF), rennin, 
bradykinin, bacitracins, alpha-] antitrypsin, platelet derived growth 

io factor, albumin, anti-thrombin 111, glucocercbrosidase, DNAse, tissue 

plasminogen activator, calcitonin, clotting factors VII, VIII, and IX, LHRH 
antagonists, insulin, erythropoietin, polymixins, colistins, tyrocidin, 
gramicidines, and synthetic analogues, modifications and 
pharmacologically active fragments thereof, monoclonal antibodies and 

15 soluble vaccines 

31. A biodegradable polymer, comprising: 

a. a polyethylene glycol (PEG) block; and 

b. a biodegradable polyester block, wherein; 

20 c. said blocks are linked to form a polymer of a general 

structure comprising the formula of A n (B), where n is greater than 2 and 
A is selected from the group consisting of a polyethylene glycol block and 
a biodegradable polyester block, B is selected from the group consisting 
of a polyethylene glycol block and a biodegradable polyester block, and A 

25 is different from B. 
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